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A nanosized Gd6Ni3 cluster-based two-dimensional 3d–4f
heterometallic coordination polymer has been synthesized
under hydrothermal conditions using a mixture of H4PMIDA
(H4PMIDA = N-(phosphonomethyl) iminodiacetic acid),
Gd(ClO4)3 and Ni(CH3COO)2·4H2O. An electrical property
investigation reveals that the coordination polymer exhibits a
proton conductivity.
Heterometallic clusters are currently of interest for their pleasing
molecular structures and interesting properties that have potential
applications in magnetic,1,2 fluorescent,3 and electrical materials.4
Efforts by chemists in the past two decades have resulted in a
number of discrete 3d–4f polynuclear complexes with the use
of supporting ligands.5–7 Recently, a most notable development
in this area was the use of nanosized heterometallic clusters
as building blocks to construct multidimensional frameworks,8,9
prompted by the larger size of the porous structures and the
flexibility of incorporating desired functionalities. However, 3d–
4f heterometallic cluster-based frameworks are still very rare,8,9
owing to the synthetic difficulty, which restrict further studies of
their chemical properties.
Utilizing iminodiacetic acid (H2IDA) as a supporting lig-
and, we have reported a number of discrete 3d–4f polynuclear
clusters.7 As an expansion of our studies, we selected the
N-(phosphonomethyl)iminodiacetic acid (H4PMIDA) ligand to
construct 3d–4f heterometallic cluster-based multidimensional
frameworks, due to the phosphonomethyl moiety maybe linking
such clusters into higher dimensional frameworks. Following this
idea, we report herein the synthesis, magnetism and conductivity
of a Gd6Ni3 cluster-based two-dimensional 3d–4f heterometallic
coordination polymer {[Gd6Ni3(PMIDA)6(H2O)17]·(H2O)25}n (1).
Complex 1 was synthesized through the hydrother-
mal reaction of Gd(ClO4)3, Ni(CH3COO)2·4H2O and N-
(phosphonomethyl)iminodiacetic acid.‡ Single-crystal analysis
reveals that 1 crystallizes in P21/n space group. As shown in Fig. 1,
the asymmetric unit of 1 consists of six [PMIDA]4- ligands, six
Gd3+ ions, three Ni2+ ions, seventeen terminal aqua ligands and
twenty-five guest water molecules.
Each Ni2+ ion is hexa-coordinated by a chelating [PMIDA]4- in
a tetradentate fashion and two phosphate oxygen atoms from two
other [PMIDA]4- ligands. The coordination environment of Ni2+
ion is best described as a distorted octahedron. The coordination
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Fig. 1 Plot of the asymmetric unit of 1. The guest water molecules were
omitted for clarity.
geometry of the Gd3+ ions is not as well defined due to the
flexible coordination of the gadolinium. Six Gd3+ ions have six
different coordination modes (Fig. S1†). Gd1, Gd3, Gd4 and
Gd5 ions are nona-coordinate. It was noted that Gd3 is chelated
by two [PMIDA]4-, while Gd4 is chelated by a [PMIDA]4- in
tetradentate fashion. Gd2 is hepta-coordinate and locates in
the center of the capped trigonal prism coordination geometry.
Although less common, complexes with hepta-coordinate Gd3+
have been reported.7b,10 Gd6 is octa-coordinate and forms di-
capped trigonal prism coordination geometry.
As shown in Scheme 1, the [PMIDA]4- ligands display three
types of coordination modes. Type I, each [PMIDA]4- chelates
one Ni2+ in a tetradentate fashion and coordinates to another Ni2+
ion and three Gd3+ ions; type II, each [PMIDA]4- chelates one
Gd3+ in a tetradentate fashion and coordinates to one Ni2+ ion
and three other Gd3+ ions; type III, each [PMIDA]4- chelates one
Gd3+ in a tetradentate fashion and coordinates to one Ni2+ ion
and four other Gd3+ ions. Notably, the three types of coordination
modes are all different from that of previous PMIDA-based
systems.11,12 The Ni–O and Ni–N bond distances are 2.006(8)–
2.186(6) Å and 2.087(9)–2.103(9) Å, respectively. The distances of
Gd–O (2.255(6)–2.644(13) Å) and Gd–N (2.655(8)–2.743(9) Å)
are in good agreement with other Gd-PMIDA complexes.11,12
The shortest distance between neighboring metal ions (Gd ◊ ◊ ◊ Gd:
3.6538(8) Å; Gd ◊ ◊ ◊ Ni: 3.4831(14) Å), are comparable to other
GdNi clusters.7b
The two-dimensional 63-network structure of 1 can be viewed
as adjacent nona-nuclear Gd6Ni3 clusters linked by the bridge of
Gd3+ ions, in which the Gd6Ni3 cluster acts as a three-connected
node (Fig. 2). The adjacent 2D structure further extends into
a 3D structure through hydrogen bonding. Thermal gravimetric































































Scheme 1 Three types of coordination modes of [PMIDA]4- ligands in 1.
analysis (TGA, Fig. 3) reveals a weight loss of 23.1% between
room temperature and 400 ◦C, suggesting the loss of 25 guest water
molecules and 17 aqua ligands (calcd. 23.5%). Owing to disorder,
25 guest water molecules in 1 were removed by SQUEEZE.13
Fig. 2 The 2D 63-network structure of complex 1.
Fig. 3 TGA curve for 1 over a temperature range of 20–750 ◦C.
The temperature dependence of magnetic susceptibility of 1
was measured in the temperature range of 2.0 to 300 K with an
applied magnetic field of 1000 Oe. The resulting cMT vs. T plot
is given in Fig. 4. The cMT value of 1 at room temperature is
51.89 cm3 mol-1 K (300 K), which is consistent with the expected
value of 50.28 cm3 mol-1 K for six independent Gd3+ ions (8S7/2,
g = 2.0) and three independent Ni2+ ions (g = 2.0). Over the
temperature range of 90–300 K, the value of cMT is almost un-
changed which is expected to exhibit spin-only moments modified
by the effects of second-order spin–orbit coupling,14 indicating no
strong magnetic exchange interaction between adjacent magnetic
ions. As the temperature decreases, the value of cMT decreases
slowly and reaches a value of 50.08 cm3 mol-1 K at 10.0 K. Upon
lowering the temperature, the value of cMT decreases abruptly
and reaches the minimum 44.51 cm3 mol-1 K at 2 K, indicating
antiferromagnetic interactions in 1. The data over the temperature
Fig. 4 Plots of cMT vs. T (donated ) and cM-1 vs. T (donated ) of 1.
range of 100–300 K fit well with the Curie–Weiss law with Weiss
constant C = 51.92 cm3 mol-1 K and Curie constant q = -0.39 K,
which is consistent with antiferromagnetic coupling. In addition,
magnetization has come to saturation at an applied magnetic field
of 5 T, as shown in Fig. S4.†
Alternating current (AC) impedance measurements were per-
formed to study the conductivity of 1.15 Fig. 5 shows Nyquist
plots of 1 at various temperatures. At low frequencies, the Nyquist
plots show semicircle, which were fitted by equation of circular
(Fig. S5†). The conductance value (s) of 1 is 1.11 ¥ 10-6 S cm-1
at 288 K. As the temperature increases, the value of conductances
decrease and reach 0.86 ¥ 10-6 (298 K), 0.19 ¥ 10-6 (308 K), 0.10 ¥
10-6 (318 K), 0.04 ¥ 10-6 (325 K) and 0.004 ¥ 10-6 S cm-1 at
338 K. The Nyquist plot almost turns to beeline at 348 K. The
PXRD study at different temperatures (ESI, Fig. S6†), combining
with the TGA analysis, reveals that the 2D network of 1 is
maintained during the AC impedance measurements. Thus, the
decrease of conductances may be caused by losing guest water
molecules, and the origin of conductivity may be derived from the
transfer of protons, where guest water molecules act as suppliers
of protons.16,17
Fig. 5 Nyquist plots of the AC impedance of 1 at 288 K, 298 K, 308 K,
318 K, 325 K, 338 K and 348 K.
In summary, we report a two-dimensional 3d–4f heterometallic
coordination polymer with Gd6Ni3 clusters as nodes. Magnetic
measurements suggest that the complex exhibits antiferromagnetic
interactions. The present coordination polymer exhibits a proton
conductivity. We are presently attempting to synthesize analogs































































containing various 3d and 4f elements and study their magnetic
and conductive property.
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